The first inborn error of creatine metabolism (guanidinoacetate methyltransferase [GAMT] deficiency) has recently been recognized in an infant with progressive extrapyramidal movement disorder. The diagnosis was established by creatine deficiency in the brain as detected by in vivo magnetic resonance spectroscopy and by defective GAMT activity and tw o mutant GAMT alleles in a liver biopsy. Here, w e describe characteristic guanidino-compound patterns in body fluids of this index patient with GAM T deficiency. Concentrations of guanidino compounds (creatine and guanidinoacetate) and creatinine w ere determined by cation-exchange chromatography and by color reaction with picric acid, respectively, in urine, plasma, and cerebrospinal fluid (CSF). Creatine concentrations w ere low in plasma, CSF, and urine w hile guanidinoacetate concentrations w ere markedly elevated. Daily urinary creatinine excretion was low, whereas creatinine concentrations in random urine samples were not always discriminative. Guanidino compound to creatinine ratios w ere not informative, as low creatinine concentrations resulted in high values for all determined compounds. During a 22-month period of oral treatment w ith creatine-monohydrate, plasma and urinary creatine concentrations increased to levels high above the normal range, and daily urinary creatinine excretion-proportional to total body creatine-became normalized. Guanidinoacetate concentrations remained elevated even during additional substitution of ornithine, which inhibits guanidinoacetate synthesis in vitro. The results indicate that GAMT deficiency can be recognized noninvasively by determination of guanidino compounds (creatine and guanidinoacetate) in body fluids. A deficiency of creatine, but not an accumulation of guanidinoacetate, can be corrected by treatment with oral creatine substitution.
SUBJECTS AND METHODS

Urine
Determination of Metabolites in Urine, Plasma, and CSF Creatine, guanidinoacetate, and other guanidino-compounds were assayed using a Biotronic LC 5001 (Biotronic, Maintal, Germany) amino acid analyzer adapted for guanidino-compound determination. Guanidino compounds were separated over a cation-exchange column using sodium citrate buffers, and were detected with the fluorescence ninhydrin method as previously reported in detail, 7 Serum and urinary creatinine were determined using a Beckman 2 (Irvine, CA) creatinine analyzer by a color reaction with picric acid. With this method, there was no unspecific reaction with standard solutions of guanidinoacetate or creatine.
Plasma ornithine concentrations were measured by ion-exchange chromatography on a Biotronic LC3000 amino acid analyzer.
RESULTS
Guanidino Compounds in Plasma, CSF, and Urine Before Treatment With Creatine Monohydrate
In plasma, the most pronounced findings were extremely low concentrations of creatine and creatinine and extremely high concentrations of guanidinoacetate, with values more than 10-fold higher than normal. Homoarginine was constantly increased, besides various less pronounced abnormalities, includ ing low arginine and high 7 -guanldinobutyrate concentrations, The abnormal plasma patterns were also reflected in CSF; however, for guanidinoacetate and creatine, the abnormalities in CSF were even more pronounced, with values more than normal. In random urine samples, an extremely high guanidino acetate concentration (2,224 to 3,987 ^mol/L; normal, 63.4 to 429) was the most specific abnormality, whereas creatine concentrations were within the low-normal range (56.9 to 106 jumo3/L; normal, 46 to 5,250). Due to consistently low urinary creatinine concentrations (1,060 to 2,060 [itnol/L; normal, 1,800 ► to 4,400), guanidino-compound/creatinine ratios were unspecifically high for all measured metabolites (Table 1) . Fig 2B) .
Guanidino
On the rationale that guanidinoacetate synthesis should be reduced by inhibition of arginine:glycine amidinotransferase with high-dose ornithine,10 a 12-week trial (42 to 45 months of age) with additional substitution of ornithine HCl (8 g/d, 600 to 640 mg/kg/body weight/d) was performed. Plasma ornithine concentrations increased from 74 to 89 jimol/L before ornithine substitution to 250 to 400 fimol/L during ornithine substitution (normal, 10 to 163), but there was no parallel decrease in plasma ( Fig  1) and urinary (Fig 2B) guanidinoacetate concentrations.
DISCUSSION
GAMT deficiency results in defective endogenous creatine biosynthesis with depletion of body creatine and accumulation of guanidinoacetate, which is a substrate to the defective enzyme. Accordingly, in this first patient with GAMT defi ciency, high concentrations of guanidinoacetate and low concen trations of creatine were characteristic findings in urine, plasma, and CSF. In addition, daily (24-hour) urinary creatinine excre tion was extremely low, reflecting depletion of the body creatine pool. Creatinine excretion is directly related to body creatine,11 and assessment of it in 24-hour urine may be helpful in the diagnosis of defects in creatine biosynthesis. However, this test may not be reliable in newborns and very young infants, since animal experiments indicate that the maternal intrauterine Abbreviations: a-K-S-GVA, a-K-S-guanidinovalerate; GSA, guanidinosuccinate; CT, creatine; GAA, guanidinoacetate; a-N-AA, u-A/-acetylarginine; ArgA, argininic acid; (3-GPA, (3-guanidino propionate; CTN, creatinine; y-GBA, 7-guanidinobutyrate; Arg, arginine; HArg, homoarginine; G, guanidine; MG, methylguanidine; DL, detectable limit. Months of age creatine supply12 provides the newborn with a full creatine pool, and depletion will follow a slow process with a daily reduction of the creatine pool equal to 1.5% of creatine turnover. 3 In random urine samples, an elevated guanidinoacetate concentration was specific. Calculation of guanidino-compound to creatinine ratios showed elevated values for all metabolites. These artificially high ratios are explained by the fact that in primary creatine deficiency, creatinine excretion is consistently low independently of the concentration of the renal urinary filtrate. Therefore, determination of urinary guanidino com pounds, especially when related to urinary creatinine concentra tions, are less informative than the concentrations measured in plasma and CSF, Oral substitution of creatine monohydrate resulted in a marked increase of plasma creatine concentrations. Final plasma creatine concentrations were markedly higher than normal, with peak values 1 hour after oral creatine administration. The high plasma creatine concentrations and normalization of plasma and urinary creatinine concentrations clearly indicate that substi tuted creatine was sufficiently absorbed in the intestine and regularly metabolized by muscle and brain, the major sites of creatine utilization.
Guanidinoacetate is synthesized from arginine and glycine by the activity of arginine:glycine amidinotransferase, the regulat ing enzyme of creatine biosynthesis. The gene expression of this enzyme is mainly controlled by a creatine-dependent negative-feedback mechanism.13 In our patient, repression of (highly expressed) arginine:glycine amidinotransferase activity by exogenous creatine led to a decrease but not normalization of for the incomplete reversal of neurologic symptoms during creatine replacement therapy seems to be the accumulation of guanidinoacetate, which is neurotoxic in high concentrations.17 Another reason may be irreversible brain damage acquired before creatine substitution therapy.
The improvement of biochemical and clinical symptoms during oral substitution of creatine is an indication that GAMT deficiency is a treatable disorder. Therefore, the development of simple screening methods for early detection is of major importance. As shown in this index patient, accumulation of guanidinoacetate is highly specific for GAMT deficiency, and routine determination of this compound should become possible by chromatography,7'18 color reaction,m o or gas chromato graphic/mass spectrometric methods.21 The experience in this index patient suggests that plasma and CSF are the best biological samples to be investigated.
